We discuss consequences of the models of "tensorial pomeron" and "vectorial pomeron" for exclusive diffractive production of scalar and pseudoscalar mesons in proton-proton collisions. Diffractive production of f 0 (980), f 0 (1370), f 0 (1500), η, and η ′ (958) mesons is discussed. Different pomeronpomeron-meson tensorial coupling structures are possible in general. In most cases two lowest orbital angular momentum -spin couplings are necessary to describe experimental differential distributions. For f 0 (980) and η production reggeon-pomeron, pomeron-reggeon, and reggeon-reggeon exchanges are included in addition, which seems to be necessary at relatively low energies. The theoretical results are compared with the WA102 experimental data. Correlations in azimuthal angle between outgoing protons, distributions in rapidities and transverse momenta of outgoing protons and mesons, in a special "glueball filter variable", as well as some two-dimensional distributions are presented. We discuss differences between results of the vectorial and tensorial pomeron models. We show that high-energy central production, in particular of pseudoscalar mesons, could provide crucial information on the spin structure of the soft pomeron.
I. INTRODUCTION
Double pomeron exchange mechanism is known to be responsible for high-energy central production of mesons with I G = 0 + . While it is clear that the effective pomeron must be a colour singlet the spin structure of the pomeron and its coupling to hadrons is, however, not finally established. It is commonly assumed that the pomeron has effectively a vectorial nature; see for instance [1] [2] [3] for the history and many references. This model of the pomeron is being questioned in [4, 5] . Recent activity in the field concentrated rather on perturbative aspects of the pomeron. For instance, the production of heavy objects (χ c mesons [6, 7] , Higgs bosons [8] , dijets [8] , W + W − pairs [9] , etc.) has been considered in the language of unintegrated gluon distributions. Exclusive π + π − [7, 10, 11] and K + K − [12] pairs production mediated by pomeron-pomeron fusion has been a subject of both theoretical and experimental studies. Particularly interesting is the transition between the nonperturbative (small meson transverse momenta) and perturbative (large meson transverse momenta) regimes. Here we wish to concentrate rather on central exclusive meson production in the nonperturbative region using the notion of effective pomeron. In general, such an object may have a nontrivial spin structure.
In the present analysis we explore the hypothesis of "tensorial pomeron" in the central meson production. The theoretical arguments for considering an effective tensorial ansatz for the nonperturbative pomeron are sketched in [4] and are discussed in detail [5] . Hadronic correlation observables could be particularly sensitive to the spin aspects of the pomeron.
Indeed, tests for the helicity structure of the pomeron have been devised in [13] for diffractive contributions to electron-proton scattering, that is, for virtual-photon-proton reactions. For central meson production in proton-proton collisions such tests were discussed in [3] and in the following we shall compare our results with those of Ref. [3] whenever suitable.
There are some attempts to obtain the pomeron-pomeron-meson vertex in special models of the pomeron. In [3] results were obtained from the assumption that the pomeron acts as a J P C = 1 ++ conserved and non-conserved current. The general structure of helicity amplitudes of the simple Regge behaviour was also considered in Ref. [14, 15] . On the other hand, the detailed structure of the amplitudes depends on dynamics and cannot be predicted from the general principles of Regge theory. The mechanism for central production of scalar glueball based on the "instanton" structure of QCD vacuum was considered in [16] [17] [18] [19] .
In the present paper we shall consider some examples of central meson production and compare results of our calculations for the "tensorial pomeron" with those for the "vectorial pomeron" as well as with experimental data whenever possible. Pragmatic consequences will be drawn. Predictions for experiments at RHIC, Tevatron, and LHC are rather straightforward and will be presented elsewhere.
The aim of the present study is to explore the potential of exclusive processes in order to better pin down the nature of the pomeron exchange. Therefore, we shall limit ourselves to Born level calculations leaving other, more complicated, effects for further studies. Nevertheless, we hope that our studies will be useful for planned or just being carried out experiments.
Our paper is organised as follows. In Section II we discuss the formalism. We present amplitudes for the exclusive production of scalar and pseudoscalar mesons and we also briefly report some experimental activity in this field. In Section III we compare results of our calculations with existing data, mostly those from the WA102 experiment [20] [21] [22] [23] [24] [25] .
In Appendices A and B we discuss properties and useful relations for the tensorial and vectorial pomeron, respectively. In Appendices C and D we have collected some useful formulae concerning details of the calculations. Central production of mesons with spin greater than zero will be discussed in a separate paper.
II. FORMALISM A. Basic elements
We shall study exclusive central meson production in proton-proton collisions at high energies
Here p a,b , p 1,2 and λ a,b , λ 1,2 denote, respectively, the four-momenta and helicities of the protons and M(k) denotes a meson with I G = 0 + and four-momentum k. Our kinematic variables are defined as follows giving the meson M. It is clear from Fig. 1 that in order to calculate this contribution we must know the IP pp vertex, the effective IP propagator and the IP IP M vertex. This propagator and these vertices will now be discussed, both, for the tensorial and vectorial ansatz for the pomeron IP .
B. Scalar and pseudoscalar meson production
In this section we study central production of scalar and pseudoscalar mesons, that is, the reaction (2.1) with J P C = 0 ++ and 0 −+ mesons M. We shall consider pomeron-pomeron fusion, see Fig. 1 , for both, the tensorial-and the vectorial-pomeron approaches. In Table VII of Appendix A we list mesons M in which we are interested. There we also give the values of the lowest orbital angular momentum l and of the corresponding total spin S which can lead to the production of M in the fictitious fusion of two tensorial and vectorial "pomeron particles". The lower the values of l is, the lower is the angular momentum barrier in the reaction.
We discuss first the tensor-pomeron case. For scalar mesons, J P C = 0 ++ , the effective Lagrangians and the vertices for IP IP → M are discussed in Appendix A. For the tensorial pomeron the vertex corresponding to the lowest values of (l, S), that is (l, S) = (0, 0) plus (2, 2) , is given in (A21). For pseudoscalar mesons, J P C = 0 −+ , the tensorial pomeronpomeron-meson (IP IPM) coupling corresponding to (l, S) = (1, 1), see Table VI of Appendix A, has the form
Hereχ(x) and IP µν (x) are the pseudoscalar meson and effective tensor-pomeron field operators, respectively; M 0 ≡ 1 GeV, and g
is a dimensionless coupling constant. The 2M 0 (g µκ ε νλρσ + g νκ ε µλρσ + g µλ ε νκρσ + g νλ ε µκρσ ) (
where the meson four-momentum k = q 1 + q 2 . Another form for the IP IPM coupling corresponding to (l, S) = (3, 3) is (2.5) where the asymmetric derivative has the form a dimensionless coupling constant. As complete vertex we take the sum of (2.4) and (2.6)
It can be checked that this vertex satisfies the identities
Now we can write down the IP IP -fusion contributions to the Born amplitudes for the scalar and pseudoscalar meson exclusive production. We find for a 0
Here ∆ (IP ) and Γ (IP pp) denote the effective propagator and proton vertex function, respectively, for the tensorial pomeron. For the explicit expressions, see Appendix A, (A1) to (A5) and for the IP IP M vertex (A21). For a pseudoscalar mesonM the amplitude is similar with Γ
Explicitly we obtain from (2.9), using the expressions from Appendix A, the amplitude for exclusive production of a scalar meson M as
The coupling constants β IP N N , g ′ IP IP M , and g ′′ IP IP M are defined in (A1), (A17), and (A19), and the form factors F 1 and F IP IP M in (A2) and (A22), respectively. Similarly, we obtain the amplitude for production of a pseudoscalar mesonM as
see (2.4), (2.6), (A1), (A2), and (A22). The same steps can now be repeated in the model of the vector pomeron. The Born amplitude for the production of a 0 ++ meson M via IP V IP V -fusion can be written as
The effective Lagrangian and the vertices for IP V IP V → M are discussed in Appendix B; see (B1), (B2), and (B9). Explicitly we obtain
Now we turn to the production of a pseudoscalar mesonM via IP V IP V -fusion. The first step is to construct an effective coupling Lagrangian IP V IP VM . Traditionally this is done in analogy to the γγπ 0 coupling which is given by the Adler-Bell-Jackiw anomaly (for a review see chapter 22 of [26] ). In this way we get
(2.14)
a dimensionless coupling constant. The corresponding vertex, including a form factor, reads as follows (see Fig. 2 (b) ):
It is easy to see that in the fictitious reaction (B4) the coupling (2.14), (2.15) gives (l, S) = (1, 1). Note that in our framework we have for IP T IP T -fusion two values, (l, S) = (1, 1) and (3, 3), which can lead to a pseudoscalar meson; see Table VI in Appendix A. Correspondingly, we have two independent couplings, (2.3) and (2.5). For IP V IP V -fusion, on the other hand, we find from Table VIII in Appendix B that only (l, S) = (1, 1) can lead to a pseudoscalar meson, thus, only the coupling (2.14) is possible there. This clear difference between the IP T and IP V ansätze can be exploited for experimentally distinguishing the two cases. The amplitude for the production of a J P C = 0 −+ mesonM via IP V IP V -fusion can now be written down as in (2.12) with the IP V IP VM vertex from (2.15) . Explicitly this gives
In [27] also (vector pomeron)-(vector pomeron) fusion was considered as the dominant mechanism of the η ′ -meson production. In order to estimate this contribution, the Donnachie-Landshoff energy dependence of the pomeron exchange [28] was used.
We shall now consider the high-energy small-angle limit, see Appendix D, for both the tensorial and vectorial pomeron fusion reactions giving the mesons M andM. With (D9) to (D20) we get from (2.10) and (2.11) for the tensorial pomeron We see that for the vectorial pomeron the term ∝ cos φ pp sin φ pp in (2.18) is absent.
Going now from high to intermediate collision energies we must expect besides pomeronpomeron fusion also reggeon-pomeron (pomeron-reggeon) and reggeon-reggeon fusion to become important; see Fig. 1 . The relevant scales for these non-leading terms should be given by the subenergies squared s 13 and s 23 in (2.2). We have to consider for the first nonleading contributions those from the Regge trajectories with intercept α IR (0) ≈ 0.5, that is, the f 2 , a 2 , ω and ρ trajectories which we shall denote by f 2IR , a 2IR , ω IR and ρ IR , respectively. In Ref. [5] effective propagators for these reggeons and reggeon-proton-proton vertices are given. The C = +1 reggeons f 2IR and a 2IR are treated as effective tensor exchanges, the C = −1 reggeons ω IR and ρ IR as effective vector exchanges. We shall make use of the results of [5] in the following.
To give an example we discuss the contribution of ω IR ω IR -fusion to the production of a pseudoscalar mesonM ; see Fig. 1 with IR = ω IR and M →M . The effective ω IR propagator and the ω IR pp vertex are given in [5] as follows:
with the parameters (see [1] ) of the Regge trajectory 22) and the mass scale M − = 1.41 GeV.
• ω IR pp vertex 23) where g ω I R pp = 8.65.
For the ω IR ω IRM vertex we shall make an ansatz in complete analogy to (2.14), (2.15) for the vectorial pomeron. We get then
where g ω I R ω I RM is a dimensionless coupling constant. Using (2.21) to (2.24) the Born amplitude for the ω IR ω IR -fusion giving a pseudoscalar mesonM can be parametrized as 
and reads
The Born amplitude for the ωω-fusion givingM = η ′ or η can be written as
The coupling constants g ωωη ′ = 4.9 [29, 31] , g ωωη = 4.84 [30, 32] are known from low energy phenomenology. In the present calculations we take the ωpp coupling constant g ωpp = 10. Here we use form factors , (2.29) where Λ thr = 1 GeV and α IR (0) = 0.5 and α ′ IR = 0.9 GeV −2 .
C. Existing experimental data
A big step in the investigation of central meson production process (2.1) has been taken by the WA91 and WA102 Collaborations, which have reported remarkable kinematical dependences and different effects; see Ref. [20] [21] [22] [23] [24] [25] 33] . The WA102 experiment at CERN was the first to discover a strong dependence of the cross section on the azimuthal angle between the momenta transferred to the two protons, a feature that was not expected from standard pomeron phenomenology. This result inspired some phenomenological works [3] pointing to a possible analogy between the pomeron and vector particles as had been suggested in [28] (see also chapter 3.7 of [1] ). 
0.72 ± 0.16 [23] 0.36 ± 0.05 [22] 1.28 ± 0.21 [22] 1.07 ± 0.14 [22] 0.98 ± 0.13 [22] Close and his collaborators have even proposed to use transverse momenta correlations of outgoing protons as tool to discriminate different intrinsic structures of the centrally produced object ("glueball filter"); see [3, 34] . In particular, the production of scalar mesons such as f 0 (980), f 0 (1500), f 0 (1710) was found to be considerably enhanced at small dP ⊥ , while the production of pseudoscalars such as η, η ′ at large dP ⊥ ; see Fig.3 of [25] . Here dP ⊥ = |d P ⊥ | with d P ⊥ the difference of the transverse momenta of the two outgoing protons in (2.1); see (D5). In Ref. [22, 25] a study was performed of resonance production rates as a function of dP ⊥ . It was observed that all the undisputedstates (i.e. η, η ′ , f 1 (1285) etc.) are suppressed as dP ⊥ → 0, whereas the glueball candidates, e.g. f 0 (1500), f 2 (1950) are prominent. It is also interesting that the f 1 (1420) state disappears at small dP ⊥ relative to large dP ⊥ . As can be seen from [25] the mesons ρ 0 (770), f 2 (1270), and f ′ 2 (1525) are produced preferentially at large dP ⊥ and their cross sections peak at φ pp = π, i.e. the outgoing protons are on opposite sides of the beam.
2 In contrast, for the 'enigmatic' f 0 (980), f 0 (1500) and f 0 (1710) states the cross sections peak at φ pp = 0. So far, no dynamical explanation of this empirical observation has been suggested, so the challenge for theory is to understand the dynamics behind this "glueball filter". In Ref. [35] the study of the |t| = |t 1 + t 2 | dependence of the resonances observed in the π + π − and K + K − mass spectra at √ s = 23.8 GeV was considered. It has been observed that ρ(770), φ(1020), f 2 (1270) and f [35] . In addition, the dP ⊥ , φ pp and |t| distributions observed in the analysis of the π + π − final state for the f 0 (1370) and f 0 (1500) mesons are similar to what was found in the
The ratios of experimental the cross sections for the different mesons at √ s = 29.1 GeV and 12.7 GeV has also been determined, see Table I . Moreover, the WA76 Collaboration reported that the ratio of the ρ 0 (770) cross section at 23.8 GeV and 12.7 GeV is 0.44 ± 0.07; cf. [25] . Since the I = 1 states cannot be produced by pomeron-pomeron fusion, the ρ meson signal decreases at high energy. However, large enhancement of the ρ signal at √ s = 29.1 GeV and strong correlation between the directions of the outgoing protons have been observed [20, 33] . Similarly, in the case of the ω meson production, where some 'noncentral' mechanisms are possible [36] , the cross section is more than twice larger than for the f 0 (1500) meson, the lightest scalar glueball candidate [25, 37] .
We turn now to our present calculations of cross sections and distributions for the central production reaction (2.1) with scalar and pseudoscalar mesons. [25] .
.86 ± 0.37 1.72 ± 0.18 5.71 ± 0.45 1.75 ± 0.58 2.91 ± 0.30 0.25 ± 0.07 3.14 ± 0.48
III. RESULTS
Now we wish to compare results of our calculations with existing experimental data. Theoretical predictions for production of various J P C mesonic states for RHIC, Tevatron and LHC, with parameters fixed from the fit to the WA102 experimental data, can then be easily done.
A. Scalar meson production
We start with discussing the WA102 data at √ s = 29.1 GeV where total cross sections are given in Table 1 of Ref. [25] . We show these cross sections for the mesons of interest to us in Table II . We assume that here the energy is high enough such that we have to consider only pomeron-pomeron-meson (IP IP M) fusion. We have then determined the corresponding IP IP M coupling constants by approximately fitting the results of our calculations to the total cross sections given in Table II and the shapes of experimental differential distributions (specific details will be given when discussing differential distributions below). The results depend also on the pomeron-pomeron-meson form factors (A22), as discussed in Appendix A, which are not well known, in particular for larger values of t. In Table III we show our results for these IP IP M coupling constants for the tensorial and vectorial pomeron ansätze. The figures in bold face represent our "best" fit. We show the resulting total cross sections, from the coupling g ′ IP IP M alone, from g ′′ IP IP M alone, and from the total which includes, of course, the interference term between the two couplings. The column "no cuts, total" has to be compared to the experimental results shown in Table II . For the cross section with the cuts in t 1 t 2 only normalised differential distributions are available; see below. Thus, our results for the corresponding cross sections there are predictions to be checked in future experiments.
In Fig. 3 we present our result for the integrated cross sections of the exclusive f 0 (980) (left panel) and f 0 (1500) (right panel) scalar meson production as a function of centre-of-mass energy √ s. For this calculation we have taken into account pion-pion fusion and pomeronpomeron fusion; see Fig. 1 . We see that at low energy the pion-pion fusion dominates. The pion-pion contribution grows quickly from the threshold, has a maximum at √ s ≈ 5-7 GeV and then slowly drops with increasing energy. This contribution was calculated with monopole vertex form factor (A25) with parameters Λ M = 0.8 GeV (lower line) and Λ M = 1.2 GeV (upper line). See [37] for more details of the ππ-fusion mechanism. The difference between the lower and upper curves represents the uncertainties on the pionpion component. At intermediate energies other exchange processes such as the pomeronf 2IR , f 2IR -pomeron and f 2IR -f 2IR exchanges are possible. For the f 2IR pp vertex and the f 2IR exchange effective propagator we shall make an ansatz in complete analogy to (A1) and (A3) for the tensorial pomeron, respectively, with the coupling constant g f 2I R pp = 11.04 and the trajectory as (2.22); see [5] . The f 2IR f 2IR f 0 (980) and f 2IR IP T f 0 (980) vertices should 
5, 80), respectively. We see that fixing the IP T or f 2IR contributions to the point at √ s = 29.1 GeV the IP T curve is below, the f 2IR curve above the experimental point at √ s = 12.7 GeV. Clearly, we have to include all IP T and f 2IR exchanges. The corresponding curve (2) reproduces the experiment. The individual contributions are also shown in Fig. 3 (c), corresponding to (g (2) correspond to the results with tensor pomeron and f 2IR exchanges (the long-dashed, dash-dotted and dotted lines present the IP T IP T , IP T f 2IR and f 2IR f 2IR contributions, respectively). The violet solid line (3) presents the f 2IR f 2IR -fusion alone normalized to the total cross section from [25] as given in our Table II. changes are shown in panels (d) -(f)) with the data measured by the WA102 Collaboration in [22] (the black filled points) and [23] (the blue circle points). In the left panels we show the φ pp distribution without experimental cuts, the middle panels show the φ pp distribution for |t 1 t 2 | 0.01 GeV 4 and the right panels show the corresponding distribution for |t 1 t 2 | 0.08 GeV 4 . Note that in [22] and [23] only normalised distributions are given. We √ s = 29.1 GeV. The WA102 experimental data points from [22] have been normalized to the total cross section from [25] as given in our Table II . The corresponding IP IP M coupling constants are as given in Table III. have multiplied these distributions with the mean value of the total cross sections from Table II for panels (a) and (d). For panels (b), (c), (e), and (f) we have multiplied the normalised data distributions given in [23] with the cross sections obtained from our calculations in the tensorial and vectorial pomeron models, respectively; see Table III . These normalisation factors are different for the IP T and IP V cases. Therefore, also the "data" shown in panels (b) and (e), as well as in (c) and (f), are different. Also note that the difference in the data from [22] and [23] shown in panels (a) and (d) has an experimental origin, as far as the authors can tell. Correspondingly, in the panels (a) the black filled and the blue circle experimental points are described by the tensorial pomeron exchanges for different values of the two (l, S) contributions. For the f 0 (980) ( Fig. 5(a) ) we obtain these coupling constants as (g With these values we are able to describe well the black filled and blue circle experimental points, respectively. For panels (e) and (f) we have multiplied the normalised data from [23] with the cross sections obtained from our calculations. In panels (g) -(i) the results obtained with the two models of pomeron are compared. From Figs. 5 and 6 we conclude that, especially for |t 1 t 2 | 0.08 GeV 4 , the tensorial pomeron ansatz is in better (qualitative) agreement with the data than the vectorial ansatz. But let us recall that for panels (b), (c), (e), and (f) the normalisation is taken from the models themselves for lack of experimental information. Results in the left panels and the WA102 data points from [22] (black points) and from [23] (blue points) have been normalized to the mean value of the total cross section given in Table II , obtained from Ref. [25] . The φ pp distributions have also been analysed in two intervals of |t 1 t 2 | and compared with experimental data . These data are obtained from [23] with the normalisation calculated in the tensorial and vectorial pomeron models themselves. We show in panels At present we have calculated only so-called bare amplitudes which are subjected to absorption corrections. The absorption effects lead usually to a weak energy dependent damping of the cross sections. At the energy of the WA102 experiment ( √ s = 29.1 GeV) the damping factor is expected to be at most of the order of 2 and should increase with rising collision energy. The absorption effects both in initial and final states have been considered in Ref. [15] . It was stressed in Ref. [15] that at the WA102 energies absorptive effects are not so significant and the azimuthal angle dependence looks like the "bare" one.
In Fig. 7 we show the distributions in transferred four-momentum squared t between the initial and final protons at √ s = 29.1 GeV for f 0 (980), f 0 (1370), and f 0 (1500) mesons.
While for f 0 (1370) the (l, S) = (0, 0) coupling is sufficient (see discussion of azimuthal correlations in Fig. 4 ) for f 0 (980) and f 0 (1500) both the (0, 0) and (2, 2) couplings are included. A different structure of the central vertex for vector and tensor leads to a difference in t distribution; see panels (a) -(c). The difference seems, however, too small to be verified experimentally. In addition, in panels (a) -(c) we compare distributions obtained for two types of pomeron-pomeron-meson form factors of the exponential form (A24) and the monopole form (A22). The calculations with the exponential form factor (A24) and for the cut-off parameter Λ 2 E = 0.6 GeV 2 give a sizeable decrease of the cross sections at large |t|. In panel (d) we show contributions for two tensor pomerons (the line (1)) and f 2IR reggeons (the line (3)) exchanges alone, since the contribution with tensorial pomeron and f 2IR reggeon is included as well (the line (2)). We conclude that the f 2IR f 2IR component alone does not describe the WA102 data. In panels (e) and (f) we show a decomposition of the t-distribution into (0, 0) and (2, 2) components for the tensor pomeron exchanges. At t = 0 the (2, 2) component vanishes, in contrast to the (0, 0) component. Therefore, the latter dominates at small |t|. As previously, we show lines for the two parameter sets obtained from the fits to the two different experimental azimuthal angular correlations (see panels (a) in Figs. 5 and 6 ). , and f 0 (1500) (panels (c) and (f)) meson production at √ s = 29.1 GeV. The WA102 experimental data points from [22] have been normalized to the mean value of the total cross sections given in Table II as obtained from [25] . In panels (a) -(c) the results for the fusion of two tensor (solid line) and vector (long-dashed line) pomerons are shown. The lower lines correspond to calculations with the exponential form factor (A24) for the cut-off parameter Λ 2 E = 0.6 GeV 2 , the upper lines to calculations with the monopole form factor (A22) for Λ 2 0 = 0.5 GeV 2 . In panel (d) the black solid line (1) corresponds to the IP T IP T -fusion only, the blue solid line (2) corresponds to the tensor pomeron and f 2IR exchanges (the long-dashed, dash-dotted and dotted lines present the IP T IP T , IP T f 2IR (f 2IR IP T ) and f 2IR f 2IR contributions, respectively), and the violet solid line (3) presents the f 2IR f 2IR -fusion alone normalized to the integrated cross section from [25] ; see Table II . In panels (e) and (f) we show the individual spin contributions to the cross sections with (l, S) = (0, 0) (short-dashed line) and (l, S) = (2, 2) (dotted line) as well as lines for the two sets of couplings fixed previously by comparison with the experimental azimuthal angular correlations (see panels (a) in Figs. 5 and 6 ).
In Fig. 8 we present different differential observables (in proton and meson transverse momenta as well as in the so-called "glueball filter variable" dP ⊥ ) at √ s = 29.1 GeV for the central exclusive production of three different scalar mesons, f 0 (980) (left panel), f 0 (1500) (middle panel) and f 0 (1370) (right panel). As explained in the figure caption we show results for both tensor (solid line) and vector (long-dashed line) pomerons as well as the individual spin (l, S) contributions for tensor pomeron only. The coherent sum of the (0, 0) and (2, 2) components is shifted to smaller dP ⊥ with respect to the (0, 0) component alone. This seems to be qualitatively consistent with the WA102 Collaboration result presented in Table 2 of Ref. [25] . Further studies how different scalar mesons are produced as a function of dP ⊥ will be presented in the next section; see discussion of Fig. 18 . For meson transverse momentum one can see a shift in the opposite direction.
In Fig. 9 we show distributions in transverse momenta of protons, mesons and in the dP ⊥ for the f 0 (980) meson production. The three tensorial scenarios of meson production, as in Fig. 7 (b) , are presented. One conclusion is that the f 2IR f 2IR contribution, indicated in the figure as curve (3), does not give the expected dP ⊥ distribution as in Table 2 of Ref. [25] .
In Fig. 10 we show distributions in rapidity y M of f 0 (980) and f 0 (1500) mesons and the corresponding distributions in pseudorapidity η M at √ s = 29.1 GeV. In these observables both (l, S) components and their coherent sum have similar shape. The minimum in the pseudorapidity distributions can be understood as a kinematic effect; see Appendix D. In addition, for the f 0 (980) meson production we have included the tensorial f 2IR contributions; see the central panels. The IP T IP T and the f 2IR f 2IR exchanges contribute at midrapidity of the meson, while the IP T f 2IR and f 2IR IP T exchanges at backward and forward meson rapidity, respectively. The interference of these components in the amplitude produces enhancements of the cross section at large |y M | and |η M |.
In Fig. 11 we show the distribution in Feynman-x F for the central exclusive f 0 (980) meson (the only available experimentally) production at √ s = 29.1 GeV. The good agreement of the IP T IP T -fusion result (see the solid line in the left panel) with the WA102 data suggests that for the tensor pomeron model the pomeron-reggeon and reggeon-reggeon contributions are small. Up to now we have observed some differences of the results for (l, S) = (0, 0) and (2, 2) couplings. The differences can be made better visible in two-dimensional distributions. In Fig. 12 we show, as an example, two-dimensional distributions in (dP ⊥ , φ pp ). We show results for the fusion of two tensor (left panels) and two vector (right panels) pomerons. In panels (a) and (b) we show the results for both (l, S) components added coherently. In panels (c, d) and (e, f) we show the individual components for (l, S) = (0, 0) and (2, 2), respectively. The distributions for both cases are very different. By comparing panels (a) and (b) to panels (c, e) and (d, f), respectively, we see that the interference effects are rather large.
B. Pseudoscalar meson production
We turn now to the presentation of our results for pseudoscalar mesons. It is known that the η and η ′ mesons, the isoscalar members of the nonet of the lightest pseudoscalar mesons, play an important role in the understanding of various aspects of nonperturbative effects of QCD; see for instance [38] . The η ′ -meson being dominantly a (α |ss + β |gg ) state, with presence of a sizeable gluonic component [39] , is particularly interesting for our study as here the pomeron-pomeron fusion should be the dominant mechanism in central production. For central production of the η meson the situation may be more complicated and requires consideration of additional f 2IR reggeon exchanges [27, 41] . In contrast to η to the mean value of the total cross sections given in Table II . For the tensorial pomeron case we show the individual spin contributions to the cross sections with (l, S) = (0, 0) (short-dashed line) and (l, S) = (2, 2) (dotted line).
production, no good fit with (tensorial or vectorial) pomeron-pomeron component only is possible for the η meson production. Therefore we have decided to include in addition f 2IR IP , IP f 2IR and f 2IR f 2IR contributions into our analysis. 3 The corresponding coupling constants were roughly fitted to existing experimental differential distributions (some specific details will be given when discussing differential distributions); see Table IV . We recall from the 3 In addition some other 'non-central' mechanisms are possible [36, 42] . One of them is diffractive excitation of N (1535) J P = 1/2 − which decays into the p + η channel with branching fraction of about 50 % [43] .
The issue of diffractive excitation of nucleon resonances is so far not well understood and goes beyond the scope of present paper. Table II . The black solid line (1) corresponds to the IP T IP T -fusion, the blue solid line (2) to the results with tensor pomeron and f 2IR exchanges (the long-dashed, dash-dotted and dotted lines present the IP T IP T , IP T f 2IR , and f 2IR f 2IR contributions, respectively), and the violet solid line (3) presents the f 2IR f 2IR -fusion alone normalized to the integrated cross section from [25] ; see Table II.   TABLE IV . The values of the pomeron-pomeron-mesonM coupling constants of the two models of the pomeron exchanges which are approximately fitted to reproduce the correct normalization, see Table II , and shapes of differential distributions of the WA102 experiment. In addition, the cross sections (in µb) for the individual (l, S) contributions at √ s = 29.1 GeV are shown. discussion in Section II B that for the tensorial pomeron two IP IPM couplings, (l, S) = (1, 1) and (3, 3), are possible. For the vectorial pomeron we have only (l, S) = (1, 1). As will be discussed below in addition to pomeron-pomeron fusion the inclusion of secondary reggeons is required for a simultaneous description of dσ/dφ pp , dσ/dt and dσ/dx F experimental data for the η production.
In Fig. 13 we present energy dependences of the cross sections for η (panels (a) and (c)) and η ′ (panels (b) and (d)) meson production. It was argued in Ref. [41] that f 2IR -pomeron and pomeron-f 2IR exchanges could be important for both η and η ′ central production. For comparison, we show the results where f 2IR exchanges are included for η production. We observe a large interference of different components in the amplitude (the long-dashed line denotes the pomeron-pomeron component, the dash-dotted line -f 2IR -pomeron (or pomeronf 2IR ) component, and the dotted line -f 2IR f 2IR component). In the diffractive mechanism we use vertex form factor given by Eqs. (A22) and (A23). Our results have been normalized to the experimental total cross sections given in Table II have been normalized to the mean value of the total cross sections given in Table II . For tensorial pomeron the individual contributions of (l, S) = (0, 0) (short-dashed line), (l, S) = (2, 2) (dotted line), and their coherent sum (solid line) are shown. In the center panels we show the results for the f 0 (980) meson production with the tensorial f 2IR contributions included.
for the corresponding data points; see [21] . Moreover, at lower energies we can expect large contributions from ω-ω exchanges due to the large coupling of the ω meson to the nucleon. The dashed bottom and upper lines at low energies represent the ωω-contribution calculated with the monopole (A25) and exponential (A26) form factors, respectively. In the case of meson exchanges we use values of the cut-off parameters Λ E = Λ M = 1.4 GeV. We have taken rather maximal Λ E and Λ M in order to obtain an upper limit for this contribution.
As explained in Section II B at higher subsystem squared energies s 13 and s 23 the meson exchanges are corrected to obtain the high energy behaviour appropriate for reggeon exchange, cf. Eq. (2.29).
In both panels (a) and (b) the dotted line represents the ω IR ω IR -contribution calculated with coupling constant g ω I R ω I RM = 60. Due to charge-conjugation invariance the η and η ′ cannot be produced by ω-pomeron exchange and isospin conservation forbids ρ-pomeron exchange. In the region of small momentum transfer squared the contribution from other processes such as photon-(vector meson) and photon-photon fusion is possible [44] , but the cross section is expected to be several orders of magnitude smaller [45, 46] than for the double pomeron processes. 1 GeV. The WA102 experimental data points from [40] have been normalized to the mean values of the total cross section given in Table II . In the left panel we show the results obtained by the fusion of two tensor pomerons. In addition, the individual (l, S) = (0, 0) and (2, 2) contributions denoted by the short-dashed and dotted lines, respectively, are presented. In the right panel the black solid line (1) corresponds to the IP T IP T -fusion, the blue solid line (2) to the results with tensor pomeron and f 2IR exchanges (the long-dashed, dash-dotted and dotted lines present the IP T IP T , IP T f 2IR and f 2IR f 2IR (enlarged by a factor 20) contributions, respectively), and the violet solid line (3) presents the f 2IR f 2IR -fusion contribution alone normalized to the mean value of the total cross section given in Table II .
In Fig. 14 we show the cross section as a function of the azimuthal angle φ pp between the transverse momentum vectors of the two outgoing protons; see (D4). The vertex form factor (A22) was used in calculations. For tensor pomeron the strengths of the (l, S) = (1, 1) and (3, 3) were adjusted to roughly reproduce the azimuthal angle distribution. The contribution of the (1, 1) component alone is not able to describe the azimuthal angular dependence (see panel (b)). For both models the theoretical distributions are somewhat skewed with respect to a simple sin 2 (φ pp ) dependence as obtained e.g. from vector-vector-pseudoscalar coupling alone without phase space effects. The small deviation in this case is due to phase space angular dependence. The matrix element squared itself is proportional to sin 2 (φ pp ). For comparison, the dash-dotted line in the panel (c) corresponds to γγ-fusion for the η ′ production calculated as in [45] .
In Fig. 15 we present distribution in |t 1 | and |t 2 |, which are, of course identical. Therefore we label them by |t|. As can be seen from panels (a) and (c) the results for the tensorial exchanges give a better description of t distribution than the vector pomeron exchanges. The t-dependence of η and η ′ production is very sensitive to the form factor F IP IP M (t 1 , t 2 ), cf. (A22), in the pomeron-pomeron-meson vertex.
In Fig. 16 we present the dσ/dx F distribution. We see that η (panels (a) and (b)) and η ′ (panels (c) and (d)) meson distributions are peaked at x F,M ≈ 0, which is consistent with the dominance of the pomeron-pomeron exchange. In the calculations we use the pomeronpomeron-meson couplings collected in Table IV . For the description of the η production in Table II obtained from [25] , and for the Feynman-x F interval 0 x F,M 0.1 [21] . There is also a data point at √ s = 12.7 GeV obtained from Table I .
The ωω-fusion contribution is important only at lower energies while tensorial pomeron fusion contribution dominates at higher energies. In the diffractive mechanism we use vertex form factor (A22) and the value of coupling constants collected in Table IV FIG. 14. Differential cross section dσ/dφ pp for the pp → ppη and pp → ppη ′ (958) reactions at √ s = 29.1 GeV. The WA102 experimental data from [21] have been normalized to the mean values of the total cross sections given in Table II pomeron-f 2IR exchanges. As can be seen from panel (a) these contributions have maxima at x F,M = 0. The corresponding couplings constants were fixed to differential distributions of the WA102 Collaboration [21] . In panel (b) we show for the tensorial pomeron the individual contributions to the cross section with (l, S) = (1, 1) (the short-dashed line), (l, S) = (3, 3) (the dotted line), and their coherent sum (the solid line). In panel (c) we show the Feynman-x F distribution of the η ′ meson and the theoretical curves for IP T IP T and IP V IP V fusion, respectively. The diffractively scattered outgoing protons are placed at Table II . The solid line corresponds to the model with tensorial pomeron while the dashed line to the model with vectorial pomeron. For η production the f 2IR exchanges were included in addition. In the present calculations we use vertex form factor given by Eqs. (A22) and (A23). For comparison, in panel (d), we also show the results for exponential form factor (A24) and for Λ 2 E = 0.7 GeV 2 .
x F ≈ ±1; see panel (d).
In Fig. 17 we present distributions in meson transverse momentum p ⊥,M and proton transverse momentum p ⊥,p . As already explained above for η meson production we include in addition tensorial reggeon exchanges. Their individual contributions are shown in the left panels. In addition, we show the individual spin contributions to the cross section with (l, S) = (1, 1) (short-dashed line) and (l, S) = (3, 3) (dotted line). The coherent sum of (1, 1) and (3, 3) tensorial components is shifted with respect to the (1, 1) vectorial component alone.
In Fig. 18 we present the "glueball variable" dP ⊥ distribution. Theoretical predictions Table II . In the present calculations we use vertex form factor (A22) and two model of pomeron exchanges. In panel (a) the results for the tensorial pomeron and f 2IR exchanges are shown; the pomeronpomeron component peaks at x F,M = 0 (the long-dashed line), the pomeron-f 2IR (f 2IR -pomeron) peaks at backward (forward) x F,M , respectively, and the coherent sum of pomeron-f 2IR and f 2IR -pomeron component effectively dominates in the central region of x F,M (the short-dashed line). In panels (b) and (c) we show the individual contributions to the cross section with (l, S) = (1, 1) (the short-dashed line), (3, 3) (the dotted line), and their coherent sum (the solid line). The longdashed line in panel (c) corresponds to the model with vectorial pomeron. In panel (d) the x F distributions for η ′ (at x F = 0) and for the protons (at x F → ±1) are shown for IP T IP T fusion.
of dP ⊥ seem to be qualitatively consistent with the WA102 data presented in Table 2 of Ref. [25] . We show results for the mesons of interest to us in Table V . In addition, in Fig. 18(d) , the ratio of production at small dP ⊥ to large dP ⊥ has been compared with the experimental results taken from [25] ; see also [22] . It can be observed that scalar mesons Differential cross sections dσ/dp ⊥,M and dσ/dp ⊥,p (the forward proton p 1 ) for the central exclusive η and η ′ meson production at √ s = 29.1 GeV. The solid line corresponds to the model with tensorial pomeron while the dashed line to the model with vectorial pomeron. For η production the f 2IR exchanges in the amplitude were included in addition as discussed in the text. We show for the tensorial case also the individual contributions to the cross section with (l, S) = (1, 1) (short-dashed line) and (l, S) = (3, 3) (dotted line).
which could have a large 'gluonic component' have a large value for this ratio. The fact that f 0 (1370) and f 0 (1500) have different φ pp and dP ⊥ dependences confirms that these are not simply J dependent phenomena. This is also true for the J = 2 states, where the f 2 (1950) has a different φ pp dependence compared to the f 2 (1270) and f [25] . The dP ⊥ and φ pp effects are in our present work understood as being due to the fact that in general more than one coupling structure, IP IP M respectively IP IPM, is possible. It remains a challenge for theory to predict these coupling structures from calculations in the framework of QCD.
In Fig. 19 we show two-dimensional distributions in (dP ⊥ , φ pp ) for the η (left panels) and η ′ (958) (right panels) meson production in the fusion of two tensor pomerons. In panels (a) and (b) we show the result for (l, S) components added coherently. In panels (c) -(d) and (e) -(f) we show the individual spin components for (l, S) = (1, 1) and (3, 3) , respectively. By comparing panels (a) -(f) we infer that the interference effects are rather large.
For completeness, differential distributions in the η or η ′ rapidity (top panels) and pseudorapidity (bottom panels) are shown in Fig. 20 for the two models of the pomeron exchanges. Tables IV and III , respectively. For the f 0 (980) and f 0 (1500) the numbers (those in parentheses) correspond to the coupling parameters which fit in Figs. 5(a) and 6(a), respectively, the black filled (blue circle) points. See the discussion of these figures in the text. In the last column the ratios of
dσ/d(dP ⊥ 0.5 GeV) are given. The experimental numbers are from Table 2 of Ref. [25] .
Meson Exchanges dP ⊥ 0.2 GeV 0.2 dP ⊥ 0.5 GeV dP ⊥ 0. 24 ± 2 54 ± 3 22 ± 4 1.05 ± 0.18
IV. CONCLUSIONS
We have analyzed proton-proton collisions with the exclusive central production of scalar and pseudoscalar mesons. We analyzed the predictions of two different models of the soft pomeron. The first one is the commonly used model with vectorial pomeron which is, however, difficult to be supported from a theoretical point of view. The second one is a recently proposed model of tensorial pomeron, which, in our opinion, has better theoretical foundations. We have presented formulae for corresponding pomeron-pomeron-meson vertices and amplitudes for the pp → pMp reaction. In general, different couplings with different orbital angular momentum and spin of two "pomeron particles" are possible. In most cases one has to add coherently amplitudes for two couplings. The corresponding coupling constants are not known and have been fitted to existing experimental data.
We have performed calculations of several differential distributions. We wish to emphasize that the tensorial pomeron can -at least -equally well describe experimental data on the exclusive meson production discussed here as the less theoretically justified vectorial pomeron frequently used in the literature. This has been illustrated for the production of several scalar and pseudoscalar mesons. The existing low-energy experimental data do not allow to clearly distinguish between the two models as the presence of subleading reggeon exchanges is at low energies very probable for many reactions. This seems to be the case for ) mesons production at √ s = 29.1 GeV. The WA102 experimental distributions from [21] have been normalized to the mean values of the total cross sections from Table II . Results for the tensorial and vectorial pomeron models are presented. For η production the f 2IR exchanges in the amplitude were included in addition. The (l, S) contributions to the differential cross sections are also shown. Panel (d) shows the ratio of production at small dP ⊥ to large dP ⊥ for each pseudoscalar and scalar meson discussed in this paper and collected in Table V . Experimental results for the ratio are taken from Table 2 of Ref. [25] . For the f 0 (980) and f 0 (1500) meson production we show results obtained for the two sets of (l, S) contributions fitted to the experimental azimuthal angular correlations data shown in Figs. 5 and 6. For the f 0 (980) and f 0 (1500) the filled points correspond to (g ′ IP T IP T M , g ′′ IP T IP T M ) = (0.788, 4) and (1.22, 6) , the open points to (g ′ IP T IP T M , g ′′ IP T IP T M ) = (0.75, 5.5) and (1, 10) , respectively, see Table III. the η meson production. In these cases we have included in our analysis also exchanges of subleading trajectories which improve the agreement with experimental data. Production of η ′ meson seems to be less affected by contributions from subleading exchanges. Now we list some issues which deserve further studies but are beyond the scope of our present paper. For the resonances decaying e.g. into the ππ channel an interference of the resonance signals with the two-pion continuum has to be included in addition. This requires a consistent model of the resonances and the non-resonant background. It would be very interesting to see if the exchange of tensorial pomerons may modify differential distributions for the π + π − continuum compared to the previous calculations [7, 10] . Furthermore, absorption effects are frequently taken into account by simply multiplying cross sections with a gap survival factor. But absorption effects may also change the shapes of t 1 /t 2 , φ pp , etc. distributions. The deviation from "bare" distributions probably is more significant at high energies where the absorptive corrections should be more important. Consistent inclusion of these effects clearly goes beyond the scope of the present study where we have limited ourselves to simple Born term calculations at the WA102 collision energy. It would clearly be interesting to extend the studies of central meson production in diffractive processes to higher energies, where the dominance of the pomeron exchange can be better justified.
To summarise: our study of scalar and pseudoscalar meson production certainly shows the potential of these reactions for testing the nature of the soft pomeron. Pseudoscalar meson production could be of particular interest in this respect since there the distribution in the azimuthal angle φ pp between the two outgoing protons may contain, for the tensorial pomeron, a term which is not possible for the vectorial pomeron; see the discussion after (2.15) and after (2.20) in Section II B. Clearly, our study can be extended to the central production of other mesons like the f 2 (1270). We hope to come back to this issue in a future publication.
Our main aim with these studies is to provide detailed models for central meson production, for both the tensorial and the vectorial pomeron ansatz, where all measurable distributions of the particles in the final state can be calculated. The models contain only a few free coupling parameters to be determined by experiment. The hope is, of course, that future experiments will be able to select the correct soft pomeron model. In any case, our models should provide good "targets" for experimentalists to shoot at. Supposing that one model survives the experimental tests we have then the theoretical challenge of deriving the corresponding IP IP M coupling constants from QCD.
Future experimental data on exclusive meson production at high energies should thus provide good information on the spin structure of the pomeron and on its couplings to the nucleon and the mesons. On the other hand, the low energy data could help in understanding the role of subleading trajectories. Several experimental groups, e.g. COMPASS [47] , STAR [48] , CDF [49] , ALICE [50] , ATLAS [51] have the potential to make very significant contributions to this program aimed at understanding the coupling and the spin structure of the soft pomeron.
see [5] . Here the pomeron trajectory α IP (t) is assumed to be of standard form, see for instance [1] , that is, linear in t and with intercept slightly above 1:
The tensor-pomeron propagator fulfils the following relations
Using now (A1) -(A4) we can calculate the pomeron contribution to the amplitude of pp elastic scattering
With tensorial pomeron we get for the T -matrix element
where
Inserting in (A7) the expressions for the IP pp vertex (A1) and the IP propagator (A3) we get at high energies, s ≫ m
This is exactly the same expression as obtained with the famous Donnachie-Landshoffpomeron approach; see [1, 28] , and Appendix B below. One advantage of the tensorialpomeron ansatz is that it gives automatically, just using the rules of QFT, the same IP contributions to the amplitudes of proton-proton and proton-antiproton scattering; see [5] .
We turn now to the IP IP M vertices which we want to construct in a field-theoretic manner, that is, using a meson field operator and two effective pomeron field operators IP µν (x). To get an overview of the possible couplings of this type we shall first consider a fictitious reaction: two "real pomeron particles" of spin 2 giving a meson M; see Fig. 21 . From this exercise we can then easily learn how to classify and write down covariant expressions for the IP IP M vertices.
We consider, thus, the annihilation of two "pomeron particles" of spin 2 and z-components of spin m 1 and m 2 giving a meson of spin J and z-component J z in the c.m. system, that is, the rest system of M: Note that we use here the Wigner basis for all particles; see [52] , and for instance, chapter 16.2 of [53] , and Appendix C. Clearly, in ( 2,m (− k) be the creation operators for the "pomeron particles". We can first construct the states of the two "pomerons" with definite orbital angular momentum l, l z and then those with given l, l z and total spin S, S z . We get withk = k/| k|, Y lz l (k) the spherical harmonics, and the usual Clebsch-Gordan coefficients
Here we have
From Bose symmetry of our "pomeron particles" we find that
The parity transformation U(P ) gives
It is straightforward to construct the two-pomeron states of definite total angular momentum J, J z :
Clearly, J is then the spin of the produced meson in (A10) and P = (−1) l its parity. In Table VI we list the values of J and P of mesons which can be produced in our fictitious reaction (A10) where we restrict ourselves to l 4.
It is clear that for each value of l, S, J, and P listed in Table VI we can construct a covariant Lagrangian density L ′ coupling the field operator for the meson M to the pomeron fields IP µν . There, l is related to the number of derivatives in L ′ , thus giving an indication of the angular momentum barrier in the production of M in (A10). In Table VII we list interesting candidates for mesons M in central production and the corresponding minimal values of l and S which can lead to the meson states according to Table VI. The strategy is now to construct for a given meson M of Table VII a 
Here we have made the vertex traceless since the IP µν are supposed to have trace zero. In Appendix C we use (A18) to calculate the T -matrix element for the fictitious reaction (A10) with a scalar meson. We show there that in the Wigner basis we get from (A17) an amplitude containing values of (l, S) = (0, 0), (2, 2) , and (4, 4). But the higher terms are completely fixed by the lowest term (l, S) = (0, 0). This justifies to call the coupling (A17) the one corresponding to (l, S) = (0, 0).
The coupling Lagrangian L 2M 0 × [q 1κ q 2µ g νλ + q 1κ q 2ν g µλ + q 1λ q 2µ g νκ + q 1λ q 2ν g µκ − 2(q 1 q 2 )(g µκ g νλ + g νκ g µλ )] , (A20) where g ′′ IP IP M is the dimensionless coupling constant. The vertex (A20) must be added coherently to the vertex (A18).
In the production reaction (2.1) we cannot take the "bare" vertices ((A18) and (A20)) directly. We have to take into account that hadrons are extended objects, that is, we shall have to introduce form factors. The actual vertex which is assumed in this paper reads then as follows Unfortunately, the pomeron-pomeron-meson form factor is not well known as it is due to nonperturbative effects related to the internal structure of the respective meson. In practical calculations we take the factorized form with the following two approaches. Either we use
TABLE VIII. The values of l, S, J, and P , of orbital angular momentum, total spin of the two "vector-pomeron particles", total angular momentum, and parity of the state, respectively, possible in the vectorial pomeron annihilation reaction (B4). We have S ∈ {0, 1, 2}, P = (−1) l , |l − S| J l + S, and Bose symmetry requires l − S to be even. The continuation of the table for l > 4 is straightforward. Comparing with (A9) we see that for s ≫ m 2 p , both, the tensorial and the vectorial pomeron give the same amplitude for pp elastic scattering.
In the next step we consider the annihilation of two "vector-pomeron particles" into a 
compare to (A10). Here, again, we use the Wigner basis. The same analysis as done after (A10) for the tensorial pomeron can now be performed for the vectorial one. The result is given in Table VIII which is the analogue of Table VI for the tensorial pomeron. As in Appendix A we illustrate the use of Table VIII by discussing the coupling of two vectorial pomerons to a J P C = 0 ++ meson M. Let χ be the meson field, IP µ V the effective vector-pomeron field. The coupling corresponding to (l, S) = (0, 0) reads
with M 0 ≡ 1 GeV, and g ′ IP V IP V M the dimensionless coupling constant. From (B5) we get the "bare" vertex, see Fig. 22 (b) ,
Using this vertex to calculate the amplitude for the fictitious reaction (B4) we find, in the Wigner basis, contributions with (l, S) = (0, 0) and (2, 2) with the (2, 2) part completely fixed by the (0, 0) part; see Appendix C. Thus, we shall refer to the coupling (B6) as the one corresponding to (l, S) = (0, 0). For l = S = 2 the coupling Lagrangian and vertex read as follows:
where g ′′ IP V IP V M is the dimensionless coupling constant. The discussion of form factors for these vertices is identical to the one for the tensorial pomeron in Appendix A. Thus, for the full vertex for two vectorial pomerons giving a 0 In this appendix we discuss the relation of the covariant IP IP M couplings to the classification of partial wave amplitudes in the Wigner basis as given in Table VI for the tensorial and in Table VIII for the vectorial pomeron.
Let us consider as an example of the reaction (B4) the annihilation of two fictitious "vectorial pomeron particles" of mass m giving a J P C = 0 ++ meson M:
Here ε 
We have
Inserting here the explicit expressions from (C9) we see easily that the amplitude (C10) has, in the Wigner basis, partial wave parts with (l, S) = (0, 0), (2, 2) , and (4, 4) . Similarly, also the vertex (A20) gives contributions with (l, S) = (0, 0), (2, 2) , and (4, 4). We label the vertex (A18) with (l, S) = (0, 0) since it has no momenta, and (A20) with (l, S) = (2, 2) since it is quadratic in the momenta. The discussion of other pomeron-pomeron-meson couplings when going from the covariant forms to the partial wave amplitudes in the Wigner basis can be done in a completely analogous way.
